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X-ray diffraction of photonic colloidal single crystals 7 
.1 Introduction
It is crucial to know the structure of self-organizing photonic colloidal crystals, since their optical properties are intimately connected to the crystal structure. The important class of charge stabilized colloids 1 is particularly promising for photonic purposes, because the lattice parameters can be tuned with the ionic strength. - The photonic properties are optimal for particle densities 9 in the range 20-50 vol%, because the Bragg resonances of the lattice are then matched with the internal Mie resonances of the particles. 3 The crystal structure of dense charge stabilized colloids with cp > 0.1 is expected to be fee.' Interestingly however, experiments at cp > 0.3 have revealed glass formation instead of crystallization. 4 Application of shear prevents vitrification but results in random stacks of hexagonal close-packed planes (rhep) 5 or possibly hexagonal close packing (hep) 6 instead of fee. From a photonic perspective, an fee structure is more desirable. 7 The desired strong interaction between photonic crystals and light hampers structure determination by light scattering or other optical methods. 8 Therefore, we use small angle x-ray scattering (SAXS) 9 with a synchrotron source, which has the advantages of a high wavelength resolution, a tightly focused beam, and a high photon flux, in comparison to e.g. neutron scattering. With such a source, diffraction patterns can be recorded directly on a two-dimensional detector camera. This has the advantage over other small-angle instruments that the scattering pattern is not smeared and that no scanning is necessary. 10 With this technique we have performed the first in-depth systematic study of the structure of a colloidal single crystal. Figure 7 .1 Photographs of a photonic colloidal sample (#231) of sedimented polystyrene spheres (radii 100.9 nm, size polydispersity 2.3 nm) in methanol, contained in a 4 mm wide capillary. The pictures were taken with white light, in transmission (left), and in reflection (right), as indicated by the cartoons. For a comparison of the images, some light was also reflected in the left picture.
Colloidal crystals
We have grown charge stabilized single crystals with volume fractions up to 60 vol% and dimensions up to 0.5 mm (see Fig. 7 .1), which is large enough to isolate a single photonic crystal for experimental study. The samples were made of polystyrene spheres (Duke Scientific) in water or methanol, that were sealed in 0.3 or 0.4 mm thick flat glass capillaries (Vitro Dynamics). Crystals with densities below 50 vol% were made by deionizing the suspensions with ion exchange resin (BioRad AG501-X8) before introducing the suspension in the capillaries. The best results were obtained with crystals that nucleated and grew over periods on the order of months. Adding extra ion exchange resin to the capillaries increases the nucleation and growth rates, which results in more and smaller crystals. Dense crystals (cp > 50 vol%) were grown by sedimentation of charge screened colloids at accelerations of ~ 400 g. This corresponds to a ratio of the sedimentation velocity to diffusion velocity (known as the Péclet number) of about 0.02, which suggests that the sediment is in thermodynamic equilibrium. The crystal-liquid interface appears at densities near 50 vol%, close to the hard sphere crystallization density. After about 4 hrs, relatively large grains develop at the crystal-liquid interface, that anneal to sizes on the order of 0.5 mm. Longer centrifugation times result in compression of the crystals (cp > 60 vol%), but also causes them to break up into a polycrystalline assembly. 11 Photographs of such a photonic colloidal sample of polystyrene spheres are shown in Fig. 7 .1. The density of colloids increases from top to bottom. In the upper part of the sample, the particles form a colloidal liquid in which incident light is randomly multiple scattered, hence it appears opaque in transmission and white in reflection. In contrast, photonic crystals transmit incident light unless Bragg reflections occur, which are a precursor of photonic band gaps. 1213 In this particular sample, green light is Bragg reflected (right panel) and the red part of the optical spectrum is transmitted (left panel). The green Bragg reflections are caused by close packed crystal planes parallel to the capillary wall (fee 111 planes). Just below the liquid, crystals are visible that are large enough for a single crystal diffraction study. They are separated by dark grain boundaries, and several of them are not oriented with the close-packed planes parallel to the glass, hence their Bragg reflection is not visible. Further below, the sample is polycrystalline.
Experiments
The SAXS experiments were performed on beamline 4 of the ESRF, 14 at wavelengths X of 0.147 25 nm and 0.098 80 nm. The incident beam was tightly collimated and very monochromatic. The bandwidth AX/X of 1.5 x 10~4 corresponds to a longitudinal coherence length 15 of (X/AX)X ~ 0.7 urn. The beam divergence A9 of only 30 urad corresponds to a transverse coherence length 15 of À./A9 ~ 6 urn. The beam was focused to a narrow spot of about 0.2 x 0.5 mm, with a maximum beam flux of 10' 3 photons/s. The scattered radiation was detected with a two-dimensional gas filled detector at the maximum distance of 10 m from the sample. The smallest scattering vector s = 2sin(9)/?i, with 9 the diffraction angle, is 0.002 nm -1 . The resolving power of the instrument As is about 7 x 10~4 nm -1 . At the maximum sample-detector distance, the largest observable wave vector exceeds 8x lO'm" 1 .
The raw diffraction patterns were corrected for the detector efficiency distribution which has been determined using the isotropic fluorescence radiation from a Sr-doped glass. Absolute scattering intensities have been obtained by using a calibrated Lupolen polymer sample as a reference. We have obtained the differential scattering cross section per unit volume /,, by dividing the number of counts in a detector pixel by the number of incident photons, the solid angle subtended by the detector pixel, the transmission of the sample, and its thickness. Background intensities caused by scattering from the capillary, window of the detector vacuum chamber, and beam stop were determined by separate measurements on empty cap-illaries and subtracted. To correct for the contributions from scattering by inhomogeneities inside the particles (fluctuation-induced scattering) we also subtracted a small constant.
The capillaries were mounted with their long axis vertical on two translation stages that scanned the spatial position with respect to the horizontal x-ray beam, and a rotation stage that scanned about the long axis of the samples (co-axis). 17 The crystal diffraction patterns for Fig. 7 .2 were collected in 105 seconds. The typical integration time for form factor measurements was 600 seconds, which yields about 10 8 counts on the detector. Figure 7 .2 presents x-ray scattering patterns of a single crystal consisting of r = 120.8 nm spheres with a lattice parameter a = 370 nm and a volume fraction q> = 56 vol%. Many Bragg peaks are seen, which indicates that the spheres are ordered in a crystalline array. When the sample is translated, we observe doubling or tripling of each peak or even concentric rings at the radii of the peaks, which signifies that the incident beam then irradiates two, three or many crystals respectively. Therefore, Fig. 7 .2 shows indeed the scattering patterns of a single colloidal crystal. Many Bragg diffraction peaks are observed simultaneously, in contrast to x-ray diffraction of atomic single crystals. 17 The reason is that the wavelength À. is much smaller than the typical lattice spacings d, hence the radius 1 /1 of the Ewald scattering sphere is much larger than the lengths \/d of the reciprocal lattice vectors. Consequently, the Ewald sphere becomes a scattering plane that simultaneously intersects many reciprocal lattice vectors. 517 The Bragg peaks in Fig. 7 .2A have approximately a sixfold symmetry. This is expected because dense colloids usually order in hexagonal close packed planes that lie parallel to cell windows.' The stacking sequence of these planes determines whether the structure is fee, hep, rhep, or a more complex sequence. 17 Due to the hexagonal symmetry, the reciprocal space consists of a hexagonal arrangement of Bragg rods, labeled with Miller indices h,k, and an index / indicating the distance along the rods, 17 see Fig. 7 .3. In normal incidence ( Fig. 7 .2A), / = 0 and we are looking down the c-axis. The inner six Bragg peaks in Fig. 7 .2A are the hk = 11 class reflections. These peaks cannot be the hk = 10 class, because this would result in an unphysical density beyond close packing of cp = 88 vol%. The absence of hk = 10 indicates that the crystal is fee, based on considerations of intensity distributions on the Bragg rods. 17 In Fig. 7 .2A, most bright and dark spots occur under conditions expected for fee, namely h -k = 3«, and h -k = 3« ± 1, respectively. . These four reflections correspond to the close packed reflections of fee. The patterns were collected in 105 seconds. They have been corrected for the single particle form factor, that was measured separately. sity was measured as a function of the angle of incidence co, see Fig. 7 .2A-D. Intersections of the Ewald scattering plane with reciprocal lattice vectors are seen as Bragg spots on the detector, that appear and disappear upon rotation, 18 as illustrated in Fig. 7.3 . As a visual aid, we have indicated the positions of several classes of Bragg rods in Fig. 7 .2A-D. It is clearly seen that with increasing angle, the hk= 11 spots (circles) become weaker (B), completely disappear (C), and reappear at oe = 34° (panel D). The hk = 31 spots (diamonds) on the other hand, start with zero intensity in panel A, have a maximum at 6° (panel B), become weaker (panel C), and have completely disappeared in panel D. The maxima for the 11 class correspond to / = 0, and / = 1 respectively, which confirms that the crystal consists of interlocked stacks of hexagonal planes. 517 The maximum intensities for hlc = 31 appear at / = 1/3, which confirms that the crystal structure is untwinned fee, and not any other stacking of hexagonal planes such as hep or rhep. 17 Moreover, at co = 34° ( Fig. 7.2D ), four spots have appeared close to the beam stop, closer than thehk=l\ class reflections (squares). They are the hk = 10class with/ = 1 /3, that correspond to the cubic 111 reflections of the close packed planes -these reflections are absent in hexagonal structures. The 111 reflections perpendicular to the capillary wall are the ones that are visually observed in Fig. 7 .1, which demonstrates that x-ray diffraction resolves length scales on the order of optical wavelengths.
Diffraction
The analysis above can be performed systematically for all the hk reflections. In Fig. 7 .4, we have plotted the scattered intensity along some of the Bragg rods in reciprocal space, bringing together intensities from all the diffraction patterns at various angles of incidence co. Two varieties of Bragg rods can be distinguished: those with h -k= 3« and those with hk = 3n±\. For the former, one expects peaks at integral / for all hexagonal stacking sequences. Indeed the 21, 30 and 51 reflections in families of Bragg rods in Fig. 7 .4 clearly show peaks at I = ±1/3, which demonstrates that the crystal structure is fee, not hep or rhep. Similar results were obtained for the 10 rods. Notice that the scattered intensity disappears completely at / = 0 on the 21 and 20 rods, in contrast with previous observations. 5 ' 6 The absence of / = 0 peaks on these h -k -3n± 1 rods rules out hep; for the hep structure, one would expect a peak at / = 0, in addition to three times stronger peaks at / = ±1/2. The h -k = 3n ± 1 rods also give a clue as to whether the exposed part of the sample is a single fee crystal or if it consists of twins with mirrored stacking sequences. In Fig.  7.4 we see that the 22 rod has peaks at / = -1/3 and -4/3, but not at / = -2/3. This indicates that the fee crystal structure is not twinned. However, the peaks at I = ± 1/3 on the 20 rods imply that we irradiate a crystal with the opposite stacking sequence. For the higher order Bragg rods of this crystal, we have detected more complicated intensity distributions, possibly signaling slight distortions from an ideal fee lattice. For instance, the 31 rods show peaks at both 1 = 1/3 and 2/3, which suggests that we have exposed multiple twinned fee crystals, albeit probably only a few, because the peaks are not equally intense. Large numbers of twinning planes would result in equal amounts of ABCABC and ACBACB crystals, and hence equal peaks in Fig. 7 .4. 5 Some of the high order rods have a tendency for peaks at I = m + 1 /2, suggestive of stacking faults that are far apart. Some of the intricacies of the current crystal are immediately apparent in Fig. 7.2 , when one realizes that the intersection of an Ewald plane through a periodic lattice is itself periodic. Obviously this is not strictly true in Fig. 7 ''*?gmr M^ s directly related to the perfection of the crystal and the /xji-Ääv ! quality of the instrument. The crystal perfection and à XH \ at instrument quality find expression in different widths, T ^i_j# j as illustrated in Fig. 7 .5. In Fig. 7.2 , we see that the T^__^J0 peak width along circles increases with order of the peaks, whereas the widths perpendicular to these cir- Figure 7 .5 Widths of the c l es do not depend on the indices hkl. The increase in diffraction peaks due to width along the circles is a result of mosaic structure, crystal mosaic structure *•«• slight variations in lattice orientation throughout (M) and Scherrer broad-the crystal. Mosaic structure causes a spreading of the enins (S).
reciprocal lattice points on spheres of constant s in reciprocal space, as illustrated in Fig. 7 .5. The variation in angle in Fig. 7 .2 is only 0.75°. The width perpendicular to the circles does not increase with s, which indicates that there is no strain in the crystal. This perpen-dicular width is due to the resolving power As of the instrument. The widths along the Bragg rods in Fig. 7.4 increase with the order of the rod, again due to the mosaic structure: the Bragg rods in Fig. 7.4 are tangential to the spheres of constant s. In principle the width along the rods could be much smaller than the resolving power As in the diffraction pattern, however the resolution is limited by the transverse coherence length of the x-ray beam. The transverse coherence length expresses over what distance a crystallite can still provide a diffraction pattern. This coherence length effectively limits the crystallite size to about 6 urn, leading to Scherrer broadening of the reciprocal lattice points.
The Bragg peaks shown in Fig. 7.2 can be azimuthally averaged to obtain a pattern as a function of the diffraction angle, similar to patterns of polycrystalline samples. It turns out (see chapter 9) that the Bragg diffraction angles are very well explained with fee lattice spacings. This confirms our observation of fee diffraction patterns in polycrystalline samples of charge stabilized spheres. We observed single crystal and polycrystalline fee patterns at densities over the range 20 -60 vol% and at various ionic strengths, i.e. at various distances from the melting transition. This is evidence that fee is indeed the stable phase of dense charge stabilized colloids, 1 in contrast to rhep or glass, in agreement with theoretical expectations. 19 The observation of the fee structure has important consequences for photonics 7 : since there are more close-packed directions in fee crystals than in hep or rhep structures (8 rather than 2), the fee structure has a larger influence on the density of radiating optical states, 20 which results in a larger quantum optical modification of the spontaneous emission rate. 21 An important feature in the diffraction patterns is the large number of diffraction peaks up to large scattering vectors ( Fig. 7.2 ). This indicates that the Debye-Waller factor is small, which means that the root-mean-square excursions u of the colloidal spheres from their ideal crystal positions are small. 17 For the patterns in Fig. 7 .2, we find a « of only 3.5% of the nearest neighbour distance. Bragg peaks correspond to lattice vectors in reciprocal space that play a central role in band structure calculations of the propagation of light through photonic crystals. 13 A high degree of order is crucial for photonic crystals. The observation of a large number of reciprocal lattice vectors means that the optical band structures are well defined up to high optical frequencies. 13 
Real space structure
The basic goal of a diffraction study is to obtain a real space image of the positions of particles in a crystal. Whereas direct imaging is hampered by the well-known phase problem in diffraction, 17 Fig. 2k) . The hexagonal unit cell with edge lengths equal to the nearest neighbour distance of ~ 260 nm is indicated with dashed lines. The dashed-dotted cell indicated with "B " and the dashed-triple dotted cell indicated with "C" are hexagonal units in planes just above or just below the central "A" plane, (b) Cubic 110planes (co = 34° in Fig. 2B ). The dashed grid indicates the projected square faces of the cubic unit cell, with edges equal to 260 nm and to \/2 x 260 nm. The clotted rectangle indicates the correlations due to planes above and below the one indicated with dashed lines.
transforms of the diffraction patterns. In Fig. 7 .6a,b, we have plotted the Fourier transforms of Fig. 7 .2A and D, respectively. This yields projections of the autocorrelation function of the density in real space, which is a map of the vectors that connect particle positions, known as the Patterson map. 17 These maps are especially useful to elucidate complex structures of non-overlapping particles, typical of colloidal systems. Figure 7 .6a shows the Patterson function projected on a plane perpendicular to the cubic 111 axis. The dashed lines indicate the hexagonal close packed plane ('A' in Fig. 7.6a ). The clear spots on the corners of each cell indicate the distance to nearest neighbours, and next nearest neighbours in the hexagonal planes. The spots should not be confused with the real space density obtained in a hologram or a microscope image. It is well-known that the fee structure can be represented as a three layer repeat sequence ABCABC... of close packed layers, 17 thus there are two other planes that are located below and above an 'A' plane. In Fig. 7 .6a, these give rise to additional peaks, that are indicated with 'B' and 'C'. Additional correlations at positions in between the ideal lattice points are possibly caused by defects in the crystal mentioned earlier. Figure 7 .6b shows the Patter-son function projected perpendicular to a cubic 110 axis. We have indicated the rectangular pattern with edge ratio 1 : \/l times the nearest neighbour distance of ~ 260 nm. The cubic 110 direction is vertical (as in Fig. 7.6a) , and the cubic 100 direction is now horizontal. The midpoints in the rectangles are caused by particles in planes below and above a particular 110 plane that are displaced by one nearest neighbour distance. The orientation of the unit cell is such that one cubic 110 axis is pointing upward, which means that rows of particles in the close packed planes are parallel to the sedimentation direction. Such an orientation is usually observed in sheared samples, 5 but does not always occur in our samples (cf. Fig. 7.1 ). The range in real space of the Patterson functions is currently limited to about 500 nm by the shape of the incident beam and the detector response function. The extension to the micron range is anticipated.
Conclusions
We observe large numbers of Bragg diffraction peaks of photonic colloidal single crystals over an unprecedented range of scattering vectors. The colloidal particles order in face centered cubic (fee) structures at all densities and with a high degree of localization about their lattice sites. The growth and observation of highly ordered fee crystals strongly support the notion that self-organizing soft condensed matter is a suitable building block for photonic matter. It is thus exciting that there are novel developments to control the growth of colloidal crystals. 22 Moreover, crystals with structures of interest to photonic applications have recently been found in binary mixtures. 23 Our results demonstrate that synchrotron small-angle x-ray scattering with two-dimensional detection ( Fig. 7.2) is a powerful technique to investigate systems with length scales on the order of optical wavelengths, especially when they are strongly photonic, 8 in other words strongly multiple scattering.
